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ABSTRACT
Purpose
The object of this work was to increase the 
knoiA?ledge of the relationship between the permeability 
and the capillary pressure of a rock.
Permeability is the capacity of a rock to accomodate 
the flow of a fluid. Capillary pressure is the pressure 
equivalent of the force exerted by a liquid when it enters 
a capillary tube. Capillary pressure can be used as a meas­
ure of the size of individual pore spaces within a rock.
Method
The permeability of each rock was determined with a 
Ruska Universal Permeameter. Rocks used in this experiment 
varied in permeability from 4 md to 4,000 md, (Table I). 
There was no restriction placed on the composition of the 
rock samples used. Forosity was determined as the quantity 
of mercury that could be injected into the sample at 100 psi 
divided by the volume of that sample. The porosity values 
varied from 8.0 to 22.f percent, (Table II). Capillary 
pressure was determined by injecting mercury under pressure 
into the sample using the method described by W. R. Purcell 
(19^9, P. 39).
iii
Two curves were plotted from the experimental data 
obtained. One curve Indicates the permeability-porosity 
ratio vs. capillary pressure, (Figure III); the other 
curve indicates permeability vs. capillary pressure, 
(Figure II). The empirical equations derived from these 
graphs are as follows: (Calculations I and II)
K/<(> = 9.34 Pc "2 -°9
K = 222.2 Pc
Conclusion
The important fact shown by this investigation is 
that capillary pressure can be used as a measure of the 
maximum possible permeability of a rock. The measured 
permeability is always equal to or lower than the one 
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Recognition of the fluid permeability, K, of a medium 
was the result of am empirical discovery of the French hy~ 
drologist D'Arcy in I856. In order to have permeability, a 
rock must have a continuous interconnected pore system. One 
of the first reports on porosity was made by J. F. Carl in 
I878. Considerable thought and research have been given to 
the relationship of permeability to porosity since D'Arcy 
first wrote his equation. Seelheim, In 1880, was the first 
to develop an equation relating the two. He was followed by 
Hazen In 1892, Slichter in 1899, Tarzaghi and Uren In 1925, 
and Kozeny in 192?. (Pirson, 1950, P* ^5 - ^7).
Kozeny's equation (Pirson, 1950, p. ^7) was derived 
from theoretical and basic physical concepts. For spherical 
grains It is written
(1
$ is porosity
d is diameter of the spheres
c is a conversion constant for 
the units used
A more recent attempt to relate permeability to
porosity was made by W. R. Purcell in 19^9. (Pirson,
1950, P* 71). He proposed the measure of permeability
by using the capillary pressure curve of the rock as
measured by the mercury injection method. Purcell





K is absolute permeability
F is the lithologic factor which 
averages 0.216
is the percent of porosity
cr' is the percent of mercury saturation
Pc is capillary pressure
The permeability calculations from this equation require 
a graphical integration to evaluate the integral.
The mercury injection method of measuring capillary 
pressure was originally developed by Drake and Ritter in 
1945 (Pirson, 1950, p. 261) to measure the capillary size 
distribution of catalysts.
Purpose of Present Experimental Work
The objective of this work was to increase the 
knowledge of the relationship between permeability and
capillary pressure. The petroleum industry is in need of a 
good means of determining permeability on small, irregular 
samples of rock. Capillary pressure on small, irregular, 
rocks can be determined; therefore, a system of relating 
permeability to capillary pressure would give a means of 
determining the permeability of a sample.
The advantages of using mercury injection for determin­
ing capillary pressure over methods using water are as follows
1. Mercury injection can be used on dry cores.
2. Mercury Injection is relatively rapid, requiring 
from 30 to 60 minutes.
3. Mercury injection works as well on irregularly 
shaped samples as on carefully cut and shaped 
samples.
The disadvantages are as follows:
1. The sample is unusable for further experiments.
2. The capillary pressure curve is not quite 
equivalent to th^ curve obtained with a water 
system (Pirson, 1950, p. 26l).
4
THEORETICAL APPROACH
An equation was derived which shows the theoretical 
relationship existing between permeability and capillary 
pressure.
Theoretical Determination of Permeability
Fluids flowing through a bed of contiguous particles 
such as sand or other porous medium, distinct from a conduit,
flow through the passages between the particles of the bed.
The dimensions of these passages depend upon the following 
variables (Brown, 1950, p. 210):
1. The porosity of the bed
2. The diameter of the particles
3. The sphericity or shape of the particles
4. The orientation or packing arrangement of the
particles
5. The roughness of the particles.
The measure of this fluid flow is called permeability, 
which is usually expressed in millidarcys. A millidarcy
J
is 0.001 darcy. American Petroleum Institute (19^1, p. M  
states the definition of a darcy as follows:
A porous medium has a permeability of 
one darcy when the rate of flow through it 
in millileters per second per square centi­
meters of cross section area, of a fluid of 
one centipoise in viscosity, under a pressure 
or equivalent hydraulic gradient of one atmos­
phere (76.0 cm. of Hg.) per centimeter and 
"conditions of viscous flow" is unity. “Con­
ditions of viscous flow" shall mean simply 
that "the rate of flow be sufficiently low 
to be directly proportional to the pressure 
or hydraulic gradient".
Thus, the equation known as Darcy's Law may be stated 
as follows (Uren, 1939, p. 8):
k - - § £ -% ■ ■ (1)A A P
K is permeability in darcys
Q is cubic centimeters of fluid passing 
through the sample per second, 
measured at the average pressure of 
the sample
is the viscosity of the flowing 
fluid in centipoise
L is the distance in centimeters 
through which the fluid flows
A is the cross-sectional area of flow 
in square centimeters
AP is the pressure gradient across the 
distance, L, in which flow takes 
place, measured in atmospheres.
c
Theoretical Determination of Capillary Pressure
The rise or depression of a liquid in a capillary tube 
has been used for many years as a means of measuring the 
surface tension of a liquid. If a liquid of a known surface 
tension is available, the rise in the capillary tube can be 
used to measure the radius of the tube. The height to which 
a fluid will rise in a capillary tube is given by the follow­
ing equation (Smith, 19^8, p. 78):
(jr* is surface tension
S is the angle the surface makes with 
the wall of the tube
is density
R is the radius of the tube
g is the acceleration due to gravity
The capillary pressure exerted by a capillary tube is defined 
as the pressure drop existing between two fluid phases, both 
of which are static, in a capillary system (Calhoun, 1953? 
p. 111). Therefore:
2 y Cos 9 
H (2)
Pc - Pgh (3)
but, from equation 2
combining the two
P'-' r 2 ZT C os 6 
R
Theoretical Determination of Rate of Flow
The rate of flow, Q, of a fluid of viscosity^,through 
a single cylindrical tube or capillary of length, L, and 
internal radius, R, is given by Poiseville's equation 
(Purcell, 19^9, P. 39)
Q = " * ^ P  (5)
6 L-
Derivation of Permeability-Capillary Pressure Relationship
Darcy's law, when combined with Polseville's equation, 
and applied to N tubes, gives the following equation:
K - 4%.*--. (6)8 A
The volume of a capillary tube is equal to 7/r ^L, L being 
the length of the tube. N/Tr^L is the void volume within 
the sample, V. Substituting V into equation 6, we find
K = (7)
8 A t-
The length of flow times the area is equal to the volume of 
the sample. V divided by AL is equal to the porosity, <p , 
giving
K * R  (8)
By solving equation k for the radius of the capillary, we 
find
H » Z r  Cos 9 ^
Pc
Using this value for the radius, we find
k a (2 r cos e )2 d> (10)
8 Pc
or
K/Cf) e C Pc^2 (11)




The equipment used in this experiment should be 
available in the average, well-equipped laboratory. The 
extraction equipment was standard laboratory glassware, 
and all the other equipment used was made by the Ruska 
Instrument Corporation.
Description and Preparation of Samples
No restriction was placed on the composition of the 
rock samples used in the experiment. The volume of the 
samples ranged from 5 to 10 cc. This gave a volume of 
rock large enough that the mercury displacement was easily 
read. Samples 1 and 2 were discarded because the volumes 
proved too small to give usable results.
The core samples were cut with a 3/^“inch diamond drill 
perpendicular to the direction in which the formation was 
originally cored. The ends of the sample were squared with 
a diamond saw. A reflux extraction unit was used for cleaning 
the samples with carbon tetrachloride. After ten or more 
hours of cleaning, the cores were dried in an oven at 138 F, 
for about 12 hours.
Determination of Permeability
Only permeability to air was determined on the samples 
used in this experiment. All permeability determinations 
were made with the Ruska Universal Permeameter.
The Ruska Universal Permeameter is capable of measuring 
permeabilities with either a liquid or a gas. The instrument 
consists of a core holder with a built-in thermometer, triple 
range flowmeter with selector valve, hand-calibrated bourdon 
tube pressure gauge, and pressure regulator valve which are 
permanently Interconnected anI mounted upon a bakelite panel 
with mahogany frame. The core sample is seated in the core­
holder in such a way that any gas entering can escape into 
the atmosphere only after having passed through the length of 
the sample. The thermometer Indicates the temperature of the 
gas before it enters the core. The desired gas pressure is 
adjusted with the regulator valve and is read on the pressure 
gauge. The gas flow is determined by the height of the center 
of the float in the flowmeter tube calibrated at the pressure 
being used. The flowmeter readings are converted to gas flow 
in cubic centimeters per second by use of calibration curves 
furnished with the instrument. The permeability is then 
calculated from Darcy’s Law, equation 1 (Ruska Operating 
Instructions).
During measurements of permeability, it was observed that 
the float in the flowmeter continually moved up and down the 
tube. Because of this movement of the float, an upper and a
11
lower limit to the permeability, as determined, were made, 
and from observation were taken as -0.02 of a graduation.
Determination of Porosity
Since only small samples were available it was necessary 
to determine porosity with the mercury-injection, capillary 
pressure equipment. The quantity of mercury Injected into 
the sample at 100 psi divided by the volume of the sample 
is used as the effective porosity. This method of determining 
porosity is not an indication of the total void space in the 
rock. The total porosity is not effective for fluid flow; 
therefore, the effective porosity is a better measure of the 
pore space available for fluid flow.
Determination of Capillary Pressure
The capillary pressure of a rock is not a constant as 
is that of a capillary tube. A rock is made up of a large 
number of odd-shaped, interconnected, and various sized 
capillaries, each with an independent capillary pressure.
The apparatus used for determining capillary pressure 
by the mercury injection method is shown in Figure I. It 
is described by Purcell (19^9, p. ^0) :
The essential components of the apparatus 
are a mercury displacement pump A, a sample hol­
der B, both shown in detail, and a manifold
system C, shown schematically, wherein the gas 
pressure may be varied from small absolute values 
(high vacuum) to about 2000 psi, gauge.
The mercury pump consists of a piston- 
cylinder arrangement, the former being moved 
by means of an accurately machined screw, the 
pitch of which is such that one turn of the 
driving mechanism moves the piston through a 
distance sufficient to displace one cubic 
centimeter. The volume of liquid displaced 
from the pump is determined by successive read­
ings from the scale D, and vernier E which is 
attached to the hub of the hand wheel.
The sample holder consists of two parts, 
both of which carry a lucite window, G, of 
frusto-conical shape which is cemented into 
the body of the holder and held rigidly in 
place by bushings. The displacement pump is 
connected to the sample holder and manifold 
by means of diametral conduits through the two 
lucite plugs. Reference marks, H, are incor­
porated in these condultes at about the midway 
point of the lucite windows and may be viewed 
through the openings in the supporting bushings.
The manifold is connected, as shown, to 
both a vacuum system and a high pressure 
(2000 psi) nitrogen bottle. To this manifold 
are also connected a manometer and pressure 
gauges suitable for measuring gas pressures 
ranging from a few millimeters of mercury, 
absolute, to 2000 psi, gauge.
In operation, one or more plums drilled 
from a core, or a number of drill cuttings, 
which have been extracted and dried, are 
placed in the cavity, F, of the sample hol­
der. The top portion of the sample holder
is positioned and the two parts brought to­
gether by a make-up nut. A suitable gasket 
makes the seal pressure tight.
With the mercury level somewhat below the
reference line of the lower lucite window, a
pressure of 0.005 mm. of mercury, or less, is 
registered by the McLeod gauge. The mercury 
level is then accurately positioned at the 
lower reference mark by advancing the piston of 
the displacement oumc. The scales attached to
the volumetric pump are set at zero following 
which the piston is further advanced until the 
mercury meniscus reaches the reference mark in 
the top lucite window. At this point a scale 
reading Is made which indicates the amount of 
mercury required to fill the cell with the 
sample in place. This quantity is subtracted 
from the known volume of the sample holder 
(beti\Teen the reference marks) to provide a 
measure of the bulk volume of the sample 
under test.
The vacuum pump is Isolated from the mani­
fold and gas admitted to the system in incre­
ments, thereby Increasing the pressure on the 
mercury surrounding the sample. The entrance 
of mercury into the pores of the core or cut­
tings is indicated by a recession of the mercury- 
gas Interface from the upper reference line, 
and the degree of penetration is determined by 
advancing the displacement pump piston until the 
mercury meniscus returns to this reference mark.
The procedure of alternately building up 
the pressure to cause recession of the mercury 
meniscus and advancing the pump piston to return 
the meniscus to the reference mark, thereby deter­
mining the amount of mercury injected into the 
porous solid under various pressures, is repeated 
until the pressure of the nitrogen cylinder is 
reached.
A pressure-volume correction curve is 
established for the apparatus by carrying out 
a run as described above without a sample in 
the holder. The volume readings obtained when 
testing cores or cuttings are corrected by sub­
tracting amounts as determined by this blank 
run at corresponding pressures.
It was necessary to modify the procedure described by 
Purcell in the following ways;
1. For pressure, a 100 psi liquified petroleum gas
tank was used.
2. It was found that when the volume correction for 
pressure was determined, the correction per 
pound of pressure change was too small to measure* 
Therefore, no correction was made*
3. It was found that when the core holder was jarred 
with a rubber mallet, the flow of mercury Into the 
sample was accelerated. A mechanical vibrator 
would have worked equally well*
To determine the effective capillary pressure, the 
pressure at which the maximum amount of mercury was displaced 
Into the core for a 1-pound pressure increment was used. The 
pressure at 'which this maximum saturation occurred was deter­
mined by plotting the differential saturation per pound vs. 
the average pressure at which that increment of the mercury 
saturation was displaced.
A curve was irawn through the points plotted, and the 
maximum point of the curve was taken as the effective 
capillary pressure, as shown in Figures XVIII through XXXI.
The shape of the curve for determining the effective capillary 
pressure varies greatly, so that in some cases it is difficult 
to be sure where the maximum does occur. The shape of the curve, 
however, makes it easy to determine a probable error of that 
curve. This error varied from 1/2 pound to ± 2 pounds. The 
effective capillary pressure represents the minimum slope on the 
capillary pressure curves, Figures VI through XIX.
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FIGURE I
APPARATUS FOR DETERMINING 
MERCURY CAPILLARY PRESSURE













To evaluate the lata obtained in this investigation, 
two curves were plotted. One, which was theoretically 
justified earlier, indicates the permeability-porosity 
ratio vs. the capillary pressure (Figure III). The other 
curve indicates the permeability vs. the capillary pres­
sure (Figure II). Both curves give a straight line on log- 
log paper. The permeability-porosity ratio vs. capillary 
pressure curve appears to represent the points more nearly.
The experimental determination of the exponent for capillary 
pressure Is very close to that derived in theory. In both 
cases, all points not on the curve lie below the curve. 
Therefore, for any given capillary pressure, only the maximum 
possible permeability is indicated.
There are several reasons why the laboratory determination 
of permeability for a core of a given capillary pressure would 
be lower than that indicated by its capillary pressure. It 
is possible to decrease the permeability of a rock sample by 
cutting the sample incorrectly, or by failing to cut the 
sample in the direction of the maximum permeability. It would 
be possible for a core to have a line of low permeability
-L?
traversing a section of high permeability. The low 
permeability would not be indicated by the capillary pres­
sure, because mercury is injected from all sides. For a 
sample with a low porosity and a low capillary pressure, the 
results are questionable. Apparently, each permeability has 
a minimum porosity at which it can exist. A rock may have a 
low capillary pressure with a low porosity, but the low poro­
sity will cause a lower permeability than would normally be 
expected for that capillary pressure.
Conclusions
The effective capillary pressure as determined in this 
experiment is a fairly accurate measure of permeability. The 
two curves drawn, K vs. Pc and K/<J) vs. Pc, both represent the 
data fairly well, although the latter curve is a better repre­
sentation of the data. Since the K/<t) vs. Pc curve does repre­
sent the data better, it indicates that the porosity as well 
as the capillary pressure does affect the permeability. The 
plot of K/<j) vs. Pc gives a straight line with a slope of -2.09. 
If the theoretical curve for K/0 vs. Pc were plotted, it 
ivould have a slope of -2.00. The closeness of the results is 
surprising, considering how little is known about the physical 
laws governing flow in small, irregularly shaped capillaries.
It Is not recommended that capillary pressure determina­
tions be used to replace the usual permeability determinations, 
but where it is not possible to get a sample large enough to 
determine permeability, a capillary pressure determination
would furnish a good estimate of the permeability.
On the curves several points had lower permeability- 
porosity (K/(j)) ratios than would be predicted by the curve, 
but none had higher ones. Therefore, the capillary pressure 
must be an indication of the maximum possible permeability.
An empirical equation was derived for each of the curves 
plotted. The equations are as follows:
K = 222.2 Pc -2U8
K/<(> = 9.34 Pc -2.09
R e c o mrnen da t i on s
Several things should be done in subsequent research to 
inprove the accuracy and reliability of predicting permea­
bility from capillary pressure. A study of capillary pressure 
as related to grain size should be made using porous media of 
known size. A study similar to the one just completed, but 
using samples from only one formation could be accomplished 
which would eliminate some of the variables present in this 
experiment. The true nature of surface tension and contact 
angles in porous media is not known; therefore, several tests 
could be run to determine the effects of different solvents 
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CALCULATION OP EQUATION 
FOR PERNEABILITY-POROSITY RATIO vs CAPILLARY PRESSURE
Pc = a (K/<t>)k; or, log Pc = b log K/0 +-Log a
Method of Selected Points 
(Lipka, 1918, p. 125)
Point No. K/0 Log K/0 Pc Log Pc
3 184 2.264 0.238 1.376
12 0.584 1.773 3.707 O.568
diff. in logs 2.491 -1.192
- diff. in loss Pc = -1.192 - _ck47Q 
diff. in logs K/0 “0 9 1  ”
Log a « Log Pc -b Log K/0
Log a = 0.568 - (-0.479) C l . 773)
Log a * O.568 - 0.105
Log a = 0.463
a = 2.91
Pc s 2.91 (K/0) -°*i4'79 
K/0 » 9.34 Pc
SAMPLE CALCULATION II
CALCULATION OF EQUATION 
FOR PERMEABILITY vs CAPILLARY PRESSURE
Pc = a Kb ; or, Log Pc * b Log K + Log a 
Method of Selected Points
(Llpka, 1918, p. 125)
Point No. K Log if Pc
3 4160 3.619 0.238
12 4.75 0.676 3.707





b = slope = diff,,, in logs Pc = -1 tASS . _0.405s j.ope dlff/ ln logg R 2.9^3 D
Log Pc ■ b Log K-+Log a
Log a = O.568 - (-0.405) (0.676)
Log a * O.568 +0.274
Log a = 0.842
a * 6.95
Pc - 6.95 K -°^°5
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